ABSTRACT -The aim of the present work was to: (i) determine and map the micronutrient content (copper -Cu, iron -Fe, manganese -Mn and zinc -Zn) in soils of the State of Ceará; (ii) evaluate soil attributes related to micronutrient availability; and (iii) evaluate, by ordinary kriging, the spatial dependence of the micronutrient content. The study area is located in the central region of Ceará, in the basin of the River Banabuiú. Soil samples were collected in the surface and subsurface layers to determine the chemical attributes, granulometry, and micronutrient content, extracted with Mehlich-1 solution. The sites of the principal types of soil in the region were spatialised and the results submitted to descriptive analysis and Pearson correlation analysis. The semivariograms with the best fit were tested using the ordinary kriging method, and the maps of spatial variability were prepared. The highest values for the mean, maximum and minimum levels of Cu and Fe are found in the subsurface layers, while for Mn and Zn, they are found in the surface layers. In the surface layers, the majority of soils present Fe, Mn and Zn in levels suitable for agricultural production, while the levels of Cu are classified as medium to low. The micronutrients showed a significant positive correlation, especially with the soil attributes and with each other. Cu, Fe, Mn and Zn are classified as having medium to strong spatial dependence in the surface and subsurface layers.
INTRODUCTION
Knowledge of the relationship between soil fertility and agricultural productivity is central to agriculture. According to Novais et al. (2007) , each tonne of mineral fertiliser applied to one hectare, following the principles for maximum efficiency, is equivalent in production to four new hectares without fertiliser. In areas of agriculture generally restricted to nitrogen-phosphorus-potassium (NPK) fertiliser, the demand for micronutrients under the various conditions of soil, climate and crops becomes important.
According to Sharma et al. (2013) , the availability of micronutrients is influenced by several factors: soil type and chemical attributes, chemical speciation and concentration, soil pH, nutrient cycling, the element source and the nature of the microorganisms. Investigating the shortage of these elements, as well as their variability in relation to soil attributes, allows their availability to be predicted and promotes the efficient use of correctives and fertilisers (BIONDI et al., 2011; PIERANGELI et al., 2009) .
A study of the variability of soil attributes is a basic tool for interpreting the spatial distribution of data, with a strong impact on results and decision-making (MELO et al., 2016; VALLADARES et al., 2009) . Geostatistics is defined as a set of spatial modelling techniques, including probabilistic sampling, which allow surfaces to be mapped and data to be gauged at unsampled sites, taking into account the spatial and/or temporal behaviour of a particular phenomenon and reducing any error in this evaluation (LADO; HENGL; REUTER, 2008). Such techniques make it possible to understand the continuity of a variable of interest throughout the study area, demonstrating the spatial variation of the phenomenon through maps of spatial variability (CHAVES; FARIAS, 2009). Ryan et al. (2013) found that studies of micronutrient mapping by geostatistics facilitated the definition of suitable management practices for each site, improving the efficiency of fertiliser application, which could reduce cultivation costs. Tekin et al. (2011) found the spatial variability of iron (Fe), manganese (Mn), copper (Cu) and zinc (Zn) to be related to the properties of the soil and the maize crop. The spatial heterogeneity of the studied variables was influenced by the difference in soil texture throughout the area under study. Valladares et al. (2009) found a high positive spatial correlation between the Cu and Zn content of soils in the State of São Paulo, as well as a relationship between content and land use, where higher levels were found in areas of vineyards compared to native soils.
Consequently, the aims of this study are to determine and map the micronutrient content (Cu, Fe, Mn and Zn) of soils in the interior of the State of Ceará; to evaluate soil attributes possibly related to micronutrients; to evaluate, by ordinary kriging, the spatial dependence of the micronutrient content; and to verify the spatial distribution of the micronutrient content.
MATERIAL AND METHODS
The study area is located in the central region of the State of Ceará, in the basin of the River Banabuiú, between 5°21'and 5°53' S and 39°18' and 39°51' W. It has a hot tropical semi-arid climate with low rainfall. The total area is around 149,000 hectares, and includes part of the districts of Pedra Branca, Senador Pompeu, Mombaça and Piquet Carneiro (Figure 1 ) (AQUINO et al., 2016) . Land use is distributed as follows: urban area (1%), agriculture -predominantly maize (8%), pasture (26%) and riparian and caatinga vegetation (64%) (GUIMARÃES; VALLADARES; MARTINS, 2016). The study was based on research into morphological characterisation and pedological classification in soil profiles of the study area, presented by Aquino et al. (2016) and Valladares (2014) . The geographic extent of the soils in the study area indicates a predominance of the following orders as the major components in associations: Red Argisols (53%) and Litholic Neosols (27%), comprising 80% of the area. With less spatial expression, are the Red-Yellow Argisols (5.2%), Haplic Cambisols (4.6%), Argiluvic Chernosols Availability and spatial variability of copper, iron, manganese and zinc in soils of the State of Ceará, Brazil T a b l e 1 -Classes for the interpretation of micronutrient availability extracted by the Mehlich-1 method *Adapted fromAlvarez et al. (1999) (3.1%), Haplic Planosols (2.3%) and other soils, that as major components comprise less than 2% of the study area.
Points of interest were identified using a morphometric image, formed by a false colour composition including terrain altimetry, slope and curvature. Samples were collected for physical and chemical analysis at a total of 49 points (Figure 1 ) in the surface and subsurface layers, at depths corresponding to the petrogenetic horizons. The A horizon was considered for the surface samples, and the B and E horizons (when present) for the subsurface samples, or the C horizon for the Neosols. (2009), and quantified by atomic absorption spectrophotometry.
Micronutrient availability was evaluated following the classification proposed by Alvarez et al. (1999) for the State of Minas Gerais, adapted for three classes and using the same Mehlich-1 extractor (Table 1 ).
The micronutrient content was submitted to descriptive statistical analysis to determine the values for the minimum, mean, maximum, standard deviation and coefficient of variation. Pearson's linear correlation analysis (<0.05) between the levels of Cu, Fe, Mn, and Zn and the chemical attributes and granulometry of the soil was applied using the ASSISTAT v 7.7 statistical software, (SILVA; AZEVEDO, 2016).
The semivariograms were adjusted using the GS plus v 7.0 software, (GAMMA DESIGN SOFTWARE, 2004) , and interpolated using the ordinary kriging method, which estimates the values under conditions of non-bias
and with minimum deviations from the estimated values, i.e. with minimal variance (VIEIRA et al., 2002) .
From the compiled data, a geo-referenced database was constructed containing all the necessary information for the proposed analyses. The spatial distribution maps were plotted using ordinary kriging (VIEIRA et al., 2002) with the aid of the ArcGIS Desktop v 10.2 geographic information software (ENVIRONMENTAL SYSTEMS RESEARCH INSTITUTE, 2014 ).
An analysis to detect discrepant values (Outlier maximum/minimum) was carried out using Equation 1 to remove these values and prepare the maps, as described by Cahn, Hummel and Broer (1994) .
Outlier max/min = X ± 4σ
( 1) where:
The degree of dependence (DD), which is the percentage proportion of the partial sill (C1) relative to the sill (C0 + C1) (Equation 2), was calculated considering weak dependence as <25%, moderate dependence from 26 to 75% and strong dependence >75%, as per Zimback (2001) .
DD = (C1/(C1 + C0))*100
(2)
RESULTS AND DISCUSSION
For each determination of the micronutrients under study, the coefficients of variation were high in the surface and subsurface layers (Table 2) ; this may be related to the diversity of lithology and relief. According to Valladares (2014) , the study area is inserted in a domain characterised by great lithological complexity, with records of folding accompanied by metamorphism and the presence of basic rocks alternating with long erosive phases. Consequently, the soils classified in the area are characteristic of soil association, with great variations in their physical and chemical properties.
The greatest values for mean, maximum and minimum Cu and Fe content were found in the subsurface layers (Table 2 ). This may indicate local lithology as the main source of Cu and Fe in the soils. The region presents intrusions composed of basalts, granites, metagabbros and syenites (COMPANHIA DE PESQUISA DE RECURSOS MINERAIS, 2014) . According to Stevenson and Cole (1999) , basalt intrusions are mainly composed of ferromagnesian minerals and sulphides, the latter having a high geochemical affinity for Cu. Mn and Zn showed the opposite behaviour to that found for Cu and Fe, with the highest values for mean, maximum and minimum content found in the surface layers (Table 2 ). Mn and Zn also occur in ferromagnesian minerals, as isomorphic substitutes of the Fe and Mg in the mineral structure (STEVENSON; COLE, 1999). However, the high bioavailability of these elements at the mean pH value determined in the soil samples (pH = 6.0) (NOVAIS et al., 2007) may have favoured the uptake and cycling of soil micronutrients by the plants, increasing their content in the surface layers (GIONGO et al., 2011; LIMA et al., 2015; SHARMA et al., 2013) .
Morais, Oliveira and Maia (2014), analysing Zn and Mn in samples of the surface layer of soil under caatinga, found values similar to those presented in this study. In addition, Sobrado (2013) found concentrations in the leaves of native caatinga species that were close to or within the satisfactory level for Zn and Mn respectively, demonstrating the high adaptive capacity of the vegetation in maintaining the balance of micronutrient uptake for soil content, in the case of Zn below the critical level, and in the case of Mn at high levels.
On the other hand, since agriculture in the region uses applications restricted to macronutrients (AQUINO et al., 2016) , in the cultivated areas that were sampled, impurities in NPK fertilisers and correctives become a secondary source of micronutrient input to the soils and of their concentration in the surface layers (CARVALHO; NASCIMENTO; BIONDI, 2012).
From the percentage distribution of micronutrients (Table 3) In the subsurface layers, the percentage distribution of micronutrients was similar to that in the surface layers, with smaller differences between the predominant class and the other classes. Except for Zn, which despite presenting the highest percentage content determined in the sampled soils in the good class (45.60%), the sum of the middle and low classes totalled 54.40%. According to Camargo (2006) , this can be explained by the low mobility of Zn in the soil profile, even at pH values greater than 5.0.
As agronomic interests mainly consider the surface layers, where the larger part of the plant root system is concentrated, the soils of the central region of Ceará largely present a micronutrient content suitable for the majority of crops. In addition, the fertilisers and correctives marketed in the Northeast, represent an important source of micronutrients, which should not be ignored in fertilisation programs (BIONDI et al., 2011; CARVALHO; NASCIMENTO; BIONDI, 2012) .
Availability and spatial variability of copper, iron, manganese and zinc in soils of the State of Ceará, Brazil -----------------------------------------------------%---------------------------------------------------- Continuation Table 4 For Fe, Mn and Zn (Table 4) , the highest correlation coefficients were determined between the micronutrients themselves and between the chemical attributes of the soil at both depths, when compared to the coefficients calculated for the physical attributes of the soil. Under the conditions of the study area, it can be inferred that the micronutrients are to a greater degree related to the chemical components of the soil than to the granulometry of the soil.
Cu presented a negative correlation with sand and a positive correlation with clay (Table 4) . Furthermore, the micronutrient showed a non-significant correlation with OM in the surface layers. Clay and OM are the main components involved in Cu retention in the soil (CAMARGO, 2006) . However, in the case of the study area, the climate is highly favourable to the decomposition of OM. These factors may have resulted in the nonsignificant correlation between Cu and OM, the positive correlation between Cu and clay, and the negative correlation with sand, a fraction with a restricted sorption complex for adsorbing the micronutrient, favouring leaching of the Cu (NOVAIS et al., 2007) .
As shown above, the study area is very extensive, partially covering four municipal districts. Despite the large distances between the collected samples, moderate and strong spatial dependencies were found (ZIMBACK, 2001) , with a good fit of the semivariograms to the content of each micronutrient studied in the surface and subsurface layers (Table 5 and Figure 2 ). The semivariograms were adjusted by the Gaussian model for Cu, Fe and Mn in the surface layers, and Mn and Zn in the subsurface layers and by the exponential model for Zn in the surface layers, and Cu and Fe in the subsurface layers. The range was higher for the Cu and Fe content in the surface horizons (41.25 and 72.16 km respectively), demonstrating the spatial dependence of these micronutrients even over great distances. However, the range was ten times smaller for Cu and Fe in the subsurface horizons and for Mn and Zn at both depths, showing that spatial dependence is significant, but occurs over smaller distances (Table 5) .
Comparing the maps in Figure 3 , which show micronutrient distribution in the surface and subsurface layers, a certain similarity can be seen for the Cu and Fe content at both depths, showing the like behaviour of these elements. This confirms the hypothesis that the parent material of the soil would be the most important source of this micronutrient content, since The spatial distribution of Mn and Zn at both depths is quite different, indicating the surface enrichment of these elements by such natural processes as nutrient cycling (GIONGO et al., 2011; LIMA et al., 2015; MELO et al., 2016; MLAMBO; NYATHI, 2008) . The greater correlation between the Mn and Zn content with the soil OM in the surface horizons (Table 4) , and the high levels of these two micronutrients in the surface layers, can be explained by the surface horizons of the soil containing more OM.
CONCLUSIONS
1. The highest values for the mean, maximum and minimum levels of Cu and Fe are found in the subsurface layers, while for Mn and Zn, they are found in the surface layers;
2. The Fe, Mn and Zn content in the surface layers of the majority of soils are suitable for agricultural production, while the Cu content is classified as medium to low; 3. The micronutrients displayed significant positive correlations, the majority with the soil attributes or with each other; 4. Cu, Fe, Mn and Zn show medium to strong spatial dependence in the surface and subsurface layers;
5. The determined ranges are greater for the Cu and Fe content in the surface horizons (41.25 and 72.16 km respectively), and around ten times smaller for Cu and Fe in the subsurface horizons and for Mn and Zn at both depths.
